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Introduction
Three-phase grid-connected voltage source converters (VSCs) are reliably used in a wide diversity of industrial applications such as adjustable speed drives [1] , renewable energy systems [2] , [3] , power conditioning systems [4] or vehicle-to-grid systems [5] . The conventional control strategies [6] like voltage oriented control (VOC) or direct power control (DPC) are widely used for DC-link voltage regulation, bidirectional power flow control, power factor correction and for shaping nearly sinusoidal converter input currents. These strategies were designed to control only the fundamental component of the current. However, the power quality problems, such as a harmonic pollution, were marginal through the years when these methods were developed.
Nowadays, the power quality problems are escalating, primarily due to an increasing number of nonlinear and unbalanced loads connected to the power system. Grid voltage distortions can cause problems in control of grid-connected converters, such as distorted and asymmetric AC currents, dc-link voltage oscillations. Therefore, many of the control strategies have been proposed for VSC converters operating under the distorted grid conditions. In the case of grid voltage asymmetry, symmetrical components strategy has been widely used, e.g. [7] . In order to obtain the sinusoidal grid currents under the distorted grid voltage, a multireference frame system has been proposed [8] . The harmonics are transferred to DC signals and then proportionalintegral (PI) or integral controllers are used to reduce these current components. Other popular solutions are based on proportional-resonant (PR) controllers in the rotating [9] or the stationary frame [10] . The latter solutions involve predictive controllers [11] , [12] , flatness based controllers [13] or repetitive controllers [14] . A different approach using a statespace technique is presented in [15] and [16] for the gridconnected PWM converter with LCL filter based on the pole placement method. However, knowledge about the proper location of the closed-loop poles is required. It is helpful to use a linear-quadratic (LQ) optimization method to calculate the state feedback matrix gain for a system, for example, like in [17] and [18] . An LQ controller with the oscillatory term is used [19] , [20] , [21] for the constant-amplitude constantfrequency sine wave inverters in previous work.
In this paper a state feedback current controller with the oscillatory terms for the three-phase three-wire gridconnected converter is presented. The main features of using the oscillatory terms is to obtain sinusoidal symmetrical grid currents under distorted grid voltage conditions. The 5th, 7th, 11th and 13th harmonics of the grid voltage have usually the largest amplitudes and the L filter has the weakest attenuation for these harmonics. Therefore, the high order harmonic current compensation is applied to 13th. Balancing of the grid currents under unbalanced grid voltage is one of the frequently proposed approaches [22] . However, some researches argue that the grid voltage imbalance should not be modified by control from the point of view of the grid [23] . In this paper both strategies are considered. The converter control system has been designed using VOC method. In order to track space vector grid-voltage angle the 3-phase lock-loop, based on rotating reference frame, (PLL block) is used [24] . In the outer DC-link voltage control loop, the PI controller with an anti-windup is used. The proposed control strategy ( Fig. 2) for three-phase grid-connected PWM converter ( Fig. 1 ) has been verified in a simulation using Matlab/Simulink environment.
System description
The two-level three-phase grid-connected PWM converter is shown in Fig. 1 . It is connected through an inductance filter to the grid. The R, L and C dc are the resistance and the inductance of the phase filter legs and the DC-link capacitance, respectively. The converter is loaded by the R load . The average model of a three-phase active rectifier in dq coordinates is expressed by (1) to (3) obtained using state- 
The converter model given by (1) to (3) [25] . For the state current controller design only the two current equations (1) and (2) are used. This way the linearization problem can be reduced assuming that v dc is V dc .
State-space model for the current control design
The state-space model with physical state vector of the plant for current control design is given by (4) . The grid current measurement gain k i is incorporated into this model:
where: 
where subscript x = {d, q}.
Similarly, in order to minimize a sinusoidal component
, the plant is augmented by oscillatory terms [9] . One oscillatory term is described by (9) .
where subscript x = {d, q} and h is the number of compen- 
and h = {2, 6, 12}. There are augmented matrices: A aug -the augmented state matrix, B aug -the augmented control matrix, E augthe augmented disturbance matrix. The x aug , u, and v are represents respectively the new augmented state, the control and the disturbance vectors.
An LQ current controller with oscillatory terms design
The current control structure with full-state-feedback is presented in Fig. 3 . For this purpose, the LQ method in the discrete time domain is applied using lqrd Matlab's function. Firstly, the continuous-time model is discretized. Next, the statefeedback matrix K aug is calculated according to the discrete state-feedback law: (14) u(k) = −K aug x aug (k) , minimizes a discrete cost function:
. The weighting matrices are given in Appendix A: R -for control states, Q -for physical plant states, Q p -for auxiliary states in the integral part, Q r -for auxiliary states in the oscillatory part.
The weighting matrices have been chosen assuming its diagonal structure. In order to produce the equal contribution to the cost function the Bryson's rule [26] has been applied.
For weights collected in R, Q and Q p (see Appendix A) the r, q and q p are divided by one because the control structure is already scaled to unity using measurement gain of the grid current and the control signals are in the range from -1 to 1.
For the weights collected in Q r one of the two weights of the individual oscillatory term (9) is obtained using scaling by (hω)
2 . The penalty weights q, q p and q r2 , q r6 , q r12 are selected by trial-and-check method. The weights for the physical plant states (Q matrix) and for the auxiliary states (Q p and Q r matrices) are chosen using the rule of thumb saying that q should be several orders of magnitude smaller and q p , q r2 , q r6 , q r12 several orders of magnitude larger than r.
DC voltage controller design
An outer feedback control loop with PI regulator is used for the DC voltage stabilization. The regulator is tuned by the systune Matlab's function [27] using linear average model of VSC. Before the tuning process the control design requirements must be specified. The TuningGoal.Rejection class [28] is used to specify the minimum attenuation profile expected at a point i ref d . The controller output value is kept within a feasible range, so the reference current is limited. The m-script with the systune function call is given in Appendix B.
Simulation result -symmetrical grid voltage
The signal waveforms for the VSC operated under symmetrical grid voltage are presented in Fig. 4 . in dq frame. 
Simulation results -distorted grid voltage
The simulated signal waveforms for the VSC operated under distorted grid voltage in the steady-state is presented in Fig. 5 to Fig. 7 . From the top: the grid voltage, the grid current, the DC-link voltage. The grid voltage amplitude in the a phase is decreased by 15% in relation to the nominal value. The 5% of the 5th and 7th and the 3% of the 11th and 13th harmonic are added to the grid model. For each of the presented results the PLL is used [24] . The performance of the system in the steady-state under the distorted grid voltage conditions without enabling of the MOSC part is presented in the Fig. 5 . In the next step, four oscillation terms, for h = {6, 12} are applied to reduce the component of the pulsations 6ω and 12ω to zero in the error current signals after dq transformation. As a result, nearly sinusoidal grid currents are obtained as presented in Fig. 6 .
In the next step, in order to obtain nearly symmetrical grid current, two new oscillation terms are added, so h = {2, 6, 12}. As a result, the symmetrical grid current is obtained as shown in Fig. 7 
Conclusion
A full-state-feedback LQ current controller with the oscillatory terms for the grid-connected PWM converters operated under distorted grid conditions has been developed. The integral terms have been added to the input of the current controller to obtain a unity power factor. In order to obtain nearly sinusoidal symmetrical grid current under distorted grid voltage conditions the oscillatory terms are incorporated into the current control structure. The dynamic performance and steady-state behavior of the control system with the inner state current controller and the outer PI DC-link voltage controller have been verified in a simulation. 
